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(Received 8 August 2003; published 13 May 2004)196601-1We determine the efficiencies for the formation of excitons and charge carriers following ultrafast
photoexcitation of a semiconducting polymer (MEH-PPV). The simultaneous, quantitative determi-
nation of exciton and charge photoyields is achieved through subpicosecond studies of both the real and
the imaginary components of the complex conductivity over a wide frequency range. Predominantly
excitons, with near-unity quantum efficiency, are generated on excitation, while only a very small
fraction ( < 102) of free charges are initially excited, consistent with rapid ( 100 fs) hot exciton
dissociation. These initial charges are very short lived, decaying on subpicosecond time scales.
DOI: 10.1103/PhysRevLett.92.196601 PACS numbers: 72.80.Le, 71.35.Aa, 73.50.Gr, 73.61.Phsemiconducting polymer using THz-TDS. This technique 0:5 1020 photons=m2) at 30 K. Clearly, there are twoSince their discovery in the 1970s, semiconducting
conjugated polymers have received considerable interest
owing to their potential in technological applications,
particularly in electronics [1]. These materials have
many advantages over conventional semiconductors:
They are low cost, easy to process, lightweight and
malleable, and have shown significant promise in light-
emitting diodes [2], photovoltaics, and laser optics [3].
Despite their widespread optical applications, the nature
of the photoexcitation physics in these materials is cur-
rently subject to intense debate [4–6]. One of the key
questions that has remained controversial is whether,
initially upon photoexcitation, excitons or charge carriers
are primarily formed. From photoconductivity measure-
ments [7], it is evident that free charges are formed, but
the mechanism and efficiency of free charge formation
remains polemical: Some studies suggest that excitons
(Coulombically bound electron-hole pairs) are the pri-
mary photoexcitation product, which may dissociate
into free charges after migration to electron (or hole)
accepting defects, by absorption of a second photon or
by bimolecular exciton-exciton annihilation [8,9]. Other
studies suggest electron-hole pairs as the direct and pre-
dominant initial excitation product [10]. This apparent
contradiction may be related to the selective sensitivity
of different experimental approaches: For example, pho-
toconductivity (PC) measurements [7] are sensitive only
to free charges (responsible for real conductivity),
whereas transient absorption (TA) and stimulated emis-
sion (SE) measurements [11–13] can probe excitons
(bound electron-hole pairs responsible for imaginary
conductivity). However, the simultaneous detection of
the real and imaginary conductivity with sufficient time
resolution is necessary to allow a quantitative comparison
of both free and bound charges upon photoexcitation. The
relatively recent technique of terahertz time domain
spectroscopy [14] (THz-TDS) provides this opportunity.
In this Letter we present the first investigation of a0031-9007=04=92(19)=196601(4)$22.50 allows us to monitor the evolution of free and bound
charges on subpicosecond time scales following photo-
excitation, through the time-dependent real and imagi-
nary components of frequency dependent (0.2–1.5 THz)
conductivity. This allows for an unambiguous assignment
of the excited species during the excitation process, help-
ing to bridge the gap between PC and TA/SE experiments.
Our results demonstrate that a very small fraction
(<102) of excitations directly result in free carriers,
while excitons are the dominant initial excitation prod-
uct, with a quantum efficiency of the order unity.
The poly{2-methoxy-5-(20-ethyl-hexyloxy)-p-
phenylene-vinylene} (MEH-PPV) samples were prepared
under nitrogen atmosphere using MEH-PPV from
Aldrich. Solutions of the polymer in chloroform were
drop cast onto quartz plates to make20 m thick films.
These are mounted in a closed cycle helium cryostat (30–
300 K) under vacuum (104 mbar) to minimize photo-
oxidation [15].
The THz setup is similar to that in Ref. [14]. THz
pulses are essentially single cycle electromagnetic pulses
of about 1 ps duration. The transmitted field strength Et
is measured directly in the time domain, through electro-
optical sampling with 800 nm, 150 fs pulses: This ‘‘gat-
ing’’ technique provides a time resolution significantly
better than the 1 ps THz pulse width [16]. Exciting
MEH-PPV above the absorption gap (2:5 eV [5]) using
266 nm (4.5 eV) or 400 nm (3 eV), 150 fs pulses, allows
investigation of photoexcited species. We record the
pump-induced modulation in the field transmission
Et;  as a function of delay  between pump and
THz probe — see inset of Fig. 1(a).   0 is defined as
the temporal overlap of the fs excitation pulse with the
peak field strength of the THz probe pulse. At all delays
the modulation depth is less than 1% of the weak, non-
perturbative probe field (1 kV=cm).
Figure 1(a) shows the magnitude of Et;  as a func-
tion of delay, , for 400 nm excitation (fluence: 1:22004 The American Physical Society 196601-1
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FIG. 2. (a) The complex conductivity of an MEH-PPV film
measured 0.5 ps after excitation (circles). The lines represent
the conductivity of a hole charge on a PPV chain simulated
using the formalism introduced in Ref. [21], for a density
nfree0  3:2 1021 m3 (lines). (b) The complex conductivity
measured 10 ps after initial excitation (circles) and the con-
ductivity expected for bound excitons (lines) generated with
unit quantum efficiency and polarizability,  800 A3.
FIG. 1. (a) Inset: Photoexcitation occurs with 150 fs pulses
(266 or 400 nm), while the conductivity at delay  is probed
using pulsed THz radiation (1 ps, 0–1.5 THz). By varying the
delay between pump and probe pulses and measuring the
magnitude of the THz field modulation, Et; , the photo-
conductivity dynamics can be studied. The dynamics of MEH-
PPV show two distinct decays, designated fast and slow.
(b) The fast time dynamics decays exponentially with time
constant 0:9 0:2 ps, while the rise time is 0:3 ps. (c) The
slow time dynamics occur with a time constant of 200 40 ps.
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well by an exponential with fast time constant f 
0:9 0:2 ps [Fig. 1(b)]. The rise time of the signal of
0.3 ps is determined by the resolution of our system,
consistent with previous reports [16]. The slowly decaying
signal is described well by an exponential with time
constant s  200 40 ps [see Fig. 1(c)]. Similar bimo-
dal decay dynamics have been observed in PC, TA, and
SE measurements on MEH-PPV and similar derivatives
[11–13], while others have measured only the fast [10] or
slow [7,17] time dynamics because of sensitivity or reso-
lution issues.We have performed TA measurements on our
samples, probing with 800 nm pulses, and observed iden-
tical fast decay kinetics. The response at 800 nm has,
however, been attributed to both excitons [13] and charges
[18], so unambiguous determination of species with this
experiment alone is not possible. The strength of THz-
TDS lies in the direct determination of the real and
imaginary contributions to the conductivity at different
times  after excitation. The complex, frequency depen-
dent conductivity !;  can be derived from the
transmitted THz field, Et, and the time-dependent
pump-induced modulation in transmission, Et; ,
following the experimental procedure and analysis
presented in Ref. [19].
Figure 2 shows ! at   0:5 ps (a), and   10 ps
(b), after excitation. Initially the photoconductivity has
significant real and imaginary parts, both increasing with
frequency—see Fig. 2(a). The real component decays on
the fast time scale observed in Fig. 1, and 10 ps after
196601-2excitation the conductivity is almost completely imagi-
nary — see Fig. 2(b). Pump-induced thermal effects are
orders of magnitude smaller [20].
The complex conductivity observed at   0:5 ps is
characteristic of dispersive free charge transport in a
disordered medium, where localization caused by the
disorder in the material structure causes non-Drude be-
havior. Using the formalism introduced in Ref. [21] we
can simulate the conductivity of a charge along a poly-
mer chain. This model is based on the tight-binding
approximation combined with static torsional disor-
der — deviations from planar alignment of the chain —
determining the effective conjugation length of the
polymer chain. The scaled result for complex hole con-
ductivity is plotted as lines in Fig. 2(a). Our measurement
is the sum of electron and hole conductivities. We expect
these to be similar, as they are limited by the same
conformational restraints. Indeed, electron and hole con-
ductivities measured at 34 GHz are comparable [22].
Clearly, the simulation reproduces the key characteristics
of our measured conductivity: Substantial real and imagi-
nary parts increasing with frequency. This implies that
conductivity on the fast time scale is dominated by free
charges. These are generated promptly on the time scale196601-2
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comparison between the data and the simulation, the free
charge density at the interface (z  0) is found to be
nfree0  3:2 1021 m3. With an excitation fluence of1:2 1020 m2, a penetration depth of 100 nm, and
considering reflective pump losses, the total absorbed
pump density is ntotal0  8 1026 m3. This suggests
that only a very small fraction (105) of initial excita-
tions results in the formation of free charges. The model is
known, however, to overestimate the conductivity [21], as
it neglects nontorsional defects such as conjugation
breaks. The experimentally observed mobility of charge
carriers at 34 GHz in an MEH-PPV film is less than
3 orders of magnitude smaller [23] than that predicted
by the model. Further, this factor is smaller at THz
frequencies, as the THz mobility is less sensitive to de-
fects. The calculated conductivity can therefore be at most
3 orders of magnitude higher than the actual value in a
thin film. Thus, a conservative upper limit of the initial
quantum yield of charge carriers can be set at 102. We
cannot, from our data, identify the conductivity decay
mechanism: it may be due to, e.g., charge recombination
or trapping at defects in the polymer chain.
Charges generated by excitation at 400 nm (3 eV)
have an initial excess energy of approximately 0.5 eV
above the absorption gap of MEH-PPV [5]. These ‘‘hot’’
carriers may respond to the THz field differently from
thermalized carriers, to which the discussion above
applies. However, Fig. 3 depicts the conductivity of
an MEH-PPV sample containing 50% PCBM
[1-(3-methoxycarbonyl)-propyl-1-phenyl-(6,6)C61, an ex-
citon-dissociating electron scavenger] 10 ps after photo-
excitation (after cooling) revealing the conductivity of
thermalized holes. The lines represent the model intro-
duced above with a density nfree0  8:0 1021 m3. The
similarity of the frequency dependence in Figs. 2(a) and 3
strongly suggests we are looking at cool charge carriers in-1000
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FIG. 3. The complex conductivity measured 10 ps after pho-
toexcitation on an MEH-PPV/PCBM blended sample, demon-
strating the response for thermalized hole charges. The lines
represent the simulated conductivity also shown in Fig. 2(a),
with a density nfree0  8:0 1021 m3.
196601-3both cases, since we would expect a very different con-
ductivity for hot and cool charges —a nonthermal charge
would be able to overcome many of the energy barriers
that determine the simulated conductivity from Ref. [21].
After the initial fast decay (at   10 ps), the ex-
tracted conductivity is mostly imaginary throughout the
probed frequency range — see Fig. 2(b). This is the spec-
tral signature associated with the dielectric polarization
of excitons, corresponding to temporary distortion of the
exciton wave function by the field. As we are probing at
frequencies (1 THz  4:1 meV) well below any exciton
resonance or the exciton binding energy, the complex
conductivity is determined by the dc polarizability ()
of the exciton. Indeed, ! in Fig. 2(b) can be repro-
duced using the Clausius-Mossotti equation [24], which
relates  to the dielectric function ("), and to the con-
ductivity through !  i!n"0", with n the exciton
density. The product of the exciton density and polar-
izability therefore determines the fit shown in Fig. 2(b).
Reports of the exciton polarizability in solid PPV films
vary from 800–3000 A3 (see Ref. [25] for a summary).
These numbers result in a value for n corresponding
to a quantum efficiency between 0.3 and 1. As very few
charge carriers are generated on photoexcitation, a
quantum efficiency close to 1 is probable, yielding 
800 A3. This is comparable to the theoretical estimate
of 1000 A3 for an exciton on an isolated PPV chain
[26], suggesting that interchain interactions do not sig-
nificantly change the delocalization of the singlet ex-
citon. An exciton polarizability of this magnitude
implies a fairly weakly bound exciton (binding energy
0:8 eV [26]), with a wave function spread over several
monomer units (electron-hole mean square displacement
11 A [26], in agreement with observations on other
-conjugated systems [27]). Our results are inconsistent
with more strongly bound excitons (with smaller polar-
izabilities that would imply a quantum efficiency exceed-
ing 1) and more weakly bound Wannier excitons [28]
[with larger polarizabilities that would imply an exciton
quantum efficiency of less than 10%, which is conflicting
with the singlet exciton luminescence efficiency (25%
[29]) in MEH-PPV films]. Summarizing, it is clear that
bound charges are the initial excitation products in
MEH-PPV, with near-unity quantum efficiency, while
only a small number (<102) of free charges are gener-
ated within the first 300 fs, which relax on a subpico-
second time scale.
As to the origin of the minority charge carriers, we
note that for the high fluences used in our experiments,
2nd order effects may be anticipated, as the average
distance between excitons is 1–2 nm, of the order of
the electron-hole mean square displacement 11 A [26].
Indeed, exciton-exciton annihilation [30], generating free
charges, may explain the small real component of the
slowly decaying conductivity in Fig. 2(b). However, it
cannot be the origin of the charge generation at early
times, since we observe a linear dependence of the signal196601-3
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and incompatible with an exciton-exciton annihilation
mechanism. Further, this mechanism requires diffusional
motion, which occurs much slower than the time scale
considered here.
Recent exciton models [31,32] account for fast photo-
generation of charges by the rapid dissociation of singular
excitons. The unrelaxed, nascent excitons (before cool-
ing) may use the excess excitation energy (above the S1
ground state, around 0.5 eV for 400 nm) to dissociate into
free charges. This results in a small number of free and
thermalized charges with a predicted <102 quantum
efficiency. Silva et al. [8] have included excitation to
even higher energy states by a second photon within the
excitation pulse, resulting in dissociation efficiencies
102, in agreement with our data. At high fluences,
this process is linear in excitation intensity due to satu-
ration of the initial absorption. Since exciton cooling is
rapid (100 fs) [31,32], a hot exciton dissociation process
explains the fast generation of free charges, within the
first 300 fs, observed here.
This hot exciton dissociation mechanism is corrobo-
rated by the observed changes in the signal resulting from
variation in the excitation wavelength and sample tem-
perature. Experimentally, when corrected for the lower
density of incident photons, for excitation with 266 rather
than 400 nm, the fast signal is twice as large correspond-
ing to a larger quantum yield for the generation of free
charges. Further, because the exciton dissociation energy
originates from the excitation pulse rather than from
thermal contributions, the hot exciton models also predict
temperature independent dissociation. In our experi-
ments, heating the sample from 30 to 300 K results in a
small (<20%) decrease in the signal attributed to free
charges. The most likely explanation for this is a decrease
in mobility, rather than density, possibly due to increas-
ing torsional disorder in the polymer chain.
To conclude, we have measured the dynamics of the
complex photoconductivity in MEH-PPV using the opti-
cal technique of THz-TDS. Monitoring of both the real
and imaginary components of conductivity allows both
free and bound excited charges to be probed simulta-
neously. We find a branching ratio of exciton vs charge
generation of 102. The small number of free charges
relaxes on a subpicosecond time scale, while the primary
exciton species persists over longer times. Our results are
consistent with ultrafast charge generation through hot
exciton dissociation.
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